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Efficient ion acceleration by multistaged intense short laser pulses
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We present a computational study of laser-driven ion acceleration that optimizes a combination of target
transparency and extended field acceleration at moderate relativistic intensity. Our scheme applies two sequential
laser pulses irradiating a thin target foil along the same direction: The first pulse drives a rapid expansion
of the target, while the second one drives a quasistatic electric field in the expanding target with increasing
electron temperature. In our particle-in-cell simulations we observe proton peak energies and numbers enhanced
by factors of up to 3 compared with regular target-normal sheath acceleration.
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Ion acceleration driven by relativistic short-pulse lasers is
an active research area as it provides strong current beams of
tens of kiloamperes, i.e., four orders of magnitude more than
what is found in conventional accelerators. These very bright
ion beams are appealing for their potential to improve a broad
range of applications that include neutron sources [1], exotic
isotope creation [2], novel inertial confinement fusion (ICF)
ignition schemes [3], proton therapy [4], isochoric heating
sources [5], and high-fluence proton radiography [6]. For the
laser-based approach to become widely adopted, increasing
the maximum energy E.x of ions is required. The nominal
approach for achieving this requirement is to use more in-
tense laser pulses for various ion acceleration mechanisms
such as target-normal sheath acceleration (TNSA) [7,8], the
magnetic vortex [9], the breakout afterburner (BOA) [10,11],
and radiation pressure acceleration (RPA) [12]. While effec-
tive, increasing the laser intensity is limited by the rate of
technological progress and the cost of advanced lasers.

The TNSA mechanism, the most intensively investigated
concept for laser-driven ion acceleration, has demonstrated
higher maximum proton energy with increasing laser inten-
sity [13]. This trend is described with well-known models
[14] based on an isothermal assumption [15], where Epax
is proportional to the hot-electron temperature Tjo; given by
the ponderomotive scaling [16], Thor ~ \/m, which predicts
that higher laser intensity results in higher ion energy, which
is in good agreement with a wide range of subpicosecond
experimental data [17]. However, there exist clear limitations
to enhancing the maximum ion energy due to the limited
laser intensity (<1 x 10>* W /cm?) that current facilities can
provide.
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On the other hand, recent studies using energetic mul-
tipicosecond pulses have shown promising results [17,18]
suggesting a new approach to ion acceleration at modest laser
intensities. Proton energies of up to 20 MeV at quasirela-
tivistic intensities, ~1 x 10!8 W/cm2 [17], and ~40-MeV
protons from a quasishaped pulse (double multipicosecond
pulses) have been observed in recent experiments, which are
far beyond the energies seen in prior experiments for the
same laser intensity with subpicosecond pulses. Laser pulses
interacting with an expanding underdense plasma for multipi-
cosecond duration generate a “superponderomotive” electron
population in addition to the usual ponderomotive spectrum
[19]. This mechanism is the key to continuously sustaining
electric fields for proton acceleration that results in a boost to
the maximum proton energy.

Beyond TNSA, ion acceleration from laser-induced trans-
parent plasmas is predicted to deliver advantages such as
high yield and high ion energy. In this regime, an opaque
thin solid-foil (submicrometer thick) or initially near-critical-
density (NCD) target becomes transparent to the laser pulse
due to electron heating and expansion. The physics behind
ion acceleration in this regime include volumetric heating
[20], the Buneman instability [10], the magnetic vortex [21],
and a combination of TNSA and RPA mechanisms [22].
Recent studies in this regime utilized nanotube foam targets
to enhance electron heating, resulting in enhancement of the
maximum proton energy from 12 MeV to 30 MeV [23], and
double laser pulses to help with the onset of BOA [24], where
the first pulse, with an intensity of ~10'° W/cm?, acts as a
prepulse, changing the target electron distribution to enhance
the laser absorption for the main pulse interaction.

In this Research Letter, we present a scheme to enhance the
peak cutoff energy and flux of short-pulse laser-accelerated
ions via the synergetic effects of target transparency and
continuous field acceleration. Here, in this computational
study using the particle-in-cell (PIC) code EPOCH, instead of
postulating future ultrahigh laser intensity values, we em-
ploy realistic laser parameters: moderate intensity (1-8 x
10?° W /cm?), pulse duration of up to 1 ps.
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FIG. 1. Snapshot of 3D PIC simulation of ion acceleration at
t =530 fs. Two laser pulses (80 fs, 8 x 10% W/cm? + 160 fs,
4 x 10 W/cm?) were sent consecutively to the carbon foil (60n,,
150 nm thick), where a 20-nm-thick hydrogen layer is added to the
rear surface. In the 3D result, the proton energy and laser electric
field are presented in half of the box (right side, Z > 0), and electron
energy is shown in the bottom quarter (Y < —10 pm).

Figure 1 shows a map of protons, electrons, and the laser
field from a three-dimensional (3D) simulation presenting
a signature of the acceleration scheme investigated in this
Research Letter. Initially, a 150-nm-thick carbon target with
an electron density of 60n,. is heated by the first laser pulse
and expands, allowing a second pulse to penetrate the target
debris. The continuous interaction of this second pulse with
the expanding plasma generates copious hot electrons that
help to accelerate protons and carbon ions.

In the case of typical TNSA, hot electrons generated from
the target expand in both transverse and longitudinal direc-
tions, and their density quickly drops. Moreover, since the
hot-electron source is at the target front side, the supply of hot
electrons that can reach the proton beam front is geometrically
limited by hot-electron-cloud expansion. In our scheme, the
main part of the laser can penetrate the transparent target
that transitioned from opaque to an expanding plasma with a
large-scale underdense plasma during the long (second) pulse
duration, continuously generating energetic electrons. Now
that the electron source is volumetric in nature and closer to
the location of the most energetic ions, more electrons can
reach the ion beam front, and a strong, comoving electric field
further accelerates ions.

To understand the underlying physics behind the acceler-
ation, we have performed a systematic computational study
with various laser pulse parameters using 2D PIC simulations.
In the simulations, a spatial resolution of 100 x 50 cells (in x
and y) per laser wavelength (=1 pm) is used, and numerical
convergence was checked with a finer resolution.

Figure 2 presents a comparison of protons from various
pulse combinations in the simulations. Firstly, the maximum
proton energies from two pulses (8 x 10?° W/cm? and 80 fs
duration each) with different time delays between the two
are compared as shown in Fig. 2(a). Except for the TNSA
case, targets used in all cases are initially 60n. (electron
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FIG. 2. Maximum proton energies from different pulse combi-
nations in simulations with 2D Cartesian coordinates. (a) Two pulses
(80 fs duration each) with different time delays compared with the
single-pulse case. (b) A first pulse (80 fs duration) followed by a
second pulse with duration 80, 160, 320, or 640 fs at fixed pulse
energy. (¢) Time evolution of peak proton energy in the cases from
(a) and (b). (d) Accelerated proton numbers (>80 MeV).

density), 150-nm-thick carbon foils with a hydrogen layer
appended at the back surface. With a greater initial den-
sity than critical density for a given laser intensity, n. >
yne ~ a/ﬁnc ~ 17n., and thicker than skin depth, Ly >
Jve/wp, ~ 80 nm, the target is initially opaque to the laser.
Here, y and a are the Lorentz factor and the normalized laser
amplitude, respectively. However, an 80 fs pulse duration is
long enough to allow the target to become relativistically
transparent, as a transit time can be estimated with a 1D
model [20] as T > Lo/2Cs(v/2n.0/aon.) ~ 20 fs. Lo and w)
are the initial target thickness and the plasma frequency,
respectively. Consistent with previous work [20], protons ac-
celerated from a relativistic transparency regime have higher
maximum energy than TNSA [see red diamond and black
square in Fig. 2(a)]. Here, the TNSA case is represented
by a single pulse with energy such that its peak intensity
(1.6 x 10! W/cm?) is even higher than the double-pulse
cases. The target, initially with solid density, ~10** cm~2, for
this case, remains opaque resulting in typical TNSA without
entering the transparency regime. TNSA efficiency is influ-
enced by the prepulse and preplasma. In these simulations,
preplasma gradients were not included at the front surfaces for
the sake of comparison. The range of intensities is inevitably
limited, but existing experimental facilities, e.g., the National
Ignition Facility’s Advanced Radiographic Capability (NIF-
ARC), OMEGA Extended Performance (OMEGA EP), and
Laser for Fast Ignition Experiment (LFEX), are capable of
sending multiple laser pulses to a single target [25-27]. When
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the two pulses have a relatively short time delay, 160 fs,
for example, the maximum proton energy resulting from this
case is equal to the maximum proton energy from a single
pulse with doubled intensity (time delay = 0 in the plot).
However, a longer time delay weakens the influence of the
second pulse, resulting in a declining maximum proton energy
that is eventually analogous to the one-pulse case. Use of
a double pulse with a time delay between the two pulses
can give an enhancement of the maximum proton energy:
210 MeV, up from the 150 MeV of a single pulse. Here, the
proton energy of 210 MeV achieved from two pulses with
160-fs time gap is similar to what a single pulse with twice
the intensity can generate. This shows the benefit of using
two pulses when the ability to increase laser intensities is
limited.

In the top panel of Fig. 2(b), the first pulse (80 fs duration)
is fixed for all cases, and the following second pulse is given
with a duration of 80, 160, 320, or 640 fs where the peak of the
pulses moves back according to pulse length to avoid initial
overlap of the two pulses. For a longer pulse duration, the laser
intensity is reduced to keep the total laser energy the same. A
notable result from this study is an enhancement in maximum
proton energies with longer pulse durations despite the lower
intensity. Compared with the matched double pulses (80 fs +
80 fs), which accelerate protons to ~210 MeV, the longest
case (80 fs + 640 fs) results in higher energy, ~280 MeV.
This aspect also emerges in the time evolution of maximum
proton energies as shown in Fig. 2(c), where a pulse that
is twice longer (160 fs) but has half the intensity leads to
greater proton energy than the case of a single 80-fs pulse. The
trend of these enhanced proton energies with a longer pulse
duration has been demonstrated with 3D simulations, which
show about 60-70% of maximum proton energies obtained in
2D. The difference between the 2D and 3D cases is mainly
from inherently different dimensional effects where plasma
expansion in 2D is marginally underestimated. Thus onset of
target transparency time is earlier in 3D than 2D, and opti-
mal target areal density for ion acceleration depends on the
simulation dimension [28]. Note that with a single long pulse
(multipicosecond), the target becomes transparent and field
generation extends via continuous laser interaction somewhat
similar to the way a double pulse behaves. However, for a
given laser energy, precisely shaped pulses are preferred as
the temporal profile since the intensity peaks can be chosen
to optimize proton acceleration. As expected, increasing laser
intensity for a relatively long pulse improves the maximum
proton energy. Increasing the intensity by 2 and 3 times with
a fixed duration of 640 fs [Fig. 2(b) case] accelerates protons
up to 310 and 340 MeV, respectively.

A significant enhancement in accelerated ion numbers is
one of the biggest advantages of the scheme presented in this
Research Letter, in addition to an improved maximum ion
energy. Figure 2(d) shows quantitatively how the proton num-
bers vary for each case. For example, the number of protons
with energy greater than 80 MeV increases with pulse length
by almost two orders of magnitude compared with TNSA.
While ions produced from the TNSA mechanism typically
have a sharply falling Maxwellian energy spectrum, accel-
eration via an additional laser pulse efficiently shifts a large
ion population to higher energy. These substantial increases
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FIG. 3. (a) Electric fields in the longitudinal direction, E,, in time
for the case where the second-pulse duration is 160 fs. Dashed lines
represent the proton beam front (fastest protons) at each time. Laser
intensities, ag, at ¥ = 0 for each time are shown with the white
lines. (b) Time-dependent E, measured at the proton beam front for
different second-pulse durations: 80, 160, and 640 fs.

in energetic ion numbers are beneficial for applications that
require a high fluence of ions.

In the double-pulse case, the additional ion acceleration is
the consequence of the extended electric fields and increased
potential near charge separation in the electron cloud driven
by the second pulse. Figure 3(a) displays time-evolving elec-
tric fields, E,, induced by the second pulse [the 80 fs + 160
fs case in Fig. 2(b)]. At each time, the electric field peaks
(spatially in x) near the ion beam front which is shown with
the dashed line in Fig. 3(a), indicating the charge separation
(ions and electrons) in expanding plasmas. By the end of the
second pulse of 160 fs, a strong electric field E, on the order
of 1 x 10" V/m is maintained for up to 1 ps, which is a
significantly longer duration than the single-pulse (80 fs) case,
where E, tends to quickly diminish in 200 fs. An even stronger
E, results for a longer pulse duration for the second pulse,
as shown in Fig. 3(b), where initially weak but increasingly
stronger fields are seen at later times; see the 320- and 640-fs
cases after ~0.8 ps in Fig. 3(b).

Electric fields, the acceleration fields for ions, are strongly
influenced by the evolution of the hot electrons in time.
Figure 4 shows particle momentum and position for the
double-pulse scheme. Firstly, electrons experience multistage
energy gain and loss. As shown in Figs. 4(a) and 4(b), a small
portion of the target electrons accelerate and move with the
first pulse (80 fs) as the target starts becoming relativistically
transparent, while a larger volume of electrons expands with
the second, longer pulse (160 fs). Using particle tracking
diagnostics, an example of electron energy history is exhibited
in Fig. 4(c), where two stars indicate the electron position
and time corresponding to Figs. 4(a) and 4(b). The electron
continuously gains energy (~80 MeV) by the front part of
the second pulse and suddenly loses energy when it crosses
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FIG. 4. Electrons accelerated by the double pulse (80 fs + 160
fs). (a) and (b) Laser field (upper half) and particle momentum P,
(bottom half) at 0.53 and 0.67 ps. Proton P, is scaled with color
(white to blue). The position of an example electron for the particle
trajectory is marked with a star. (c) Electron trajectory with time
history of its energy. (d) Electron energy spectra measured at 400,
800, and 1200 fs.

the proton beam front after 0.53 ps. This energy drop is
due to energy coupling from electron to protons, which is
the process of proton acceleration. Then, the electron gains
energy again to a value over 100 MeV due to the interaction
with the second pulse penetrating the transparent plasma.
The energy distribution of the entire electron population is
shown in Fig. 4(d). While electron distributions can be char-
acterized by a single temperature at early times (400 fs),
a two-temperature distribution is observed, with decreasing
bulk temperature and increasing temperature for hot elec-
trons, where the temperature of 3 MeV is slightly lower than
~5.5 MeV, ponderomotive scaling, for the second pulse but
the hot tail shows much higher temperature, 20 MeV. Here,
as the energy history of tracked particle exhibits, hot tails
of spectra are constructed when electrons expelled out of the
proton beam front are reaccelerated by direct interaction with
a laser pulse.

Figure 5 shows comparisons of electron temperature and
electric fields from simulations using different durations of the
second pulse (80, 160, and 640 fs). A comparison of electron
temperatures is presented in Fig. 5(a). In the measurement
of temperatures, first-pulse-driven hot (energetic) tails of the
distribution are excluded, and only electrons near the proton
beam front are counted. The effective electron temperature
increases up to 5 MeV within 1 ps in the case of a 640-fs
pulse, while electron temperature peaks to 3 MeV and quickly
drops within 0.5 ps for the case of a 160-fs second pulse.
Here, the electron temperature of ~ 5 MeV for the 640-fs-
pulse case is greater than electron temperatures predicted with
ponderomotive temperature scaling [16], for a given pulse in-
tensity, 1 x 102® W/cm?. The underlying physics here is that
with longer pulse duration, the plasma (initially a thin foil)
expands and develops a large-scale, underdense plasma where
the laser-plasma interaction can generate superponderomotive
electrons. The generation of superponderomotive electrons in
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FIG. 5. Simulation results from 80 fs (first pulse) followed
by different durations of the second pulse: 80, 160, and 640 fs
are represented with black, red, and green, respectively [(a)—(d)].
(a) Measured electron temperatures. (b) Density of target electrons
when the peak of the second pulse arrives at the initial target position.
(c) Electron pressure over range of proton expansion. (d) Calculated
electric sheath fields using time-varying hot-electron temperatures
measured from simulations.

near-critical or subcritical plasmas has recently been investi-
gated via experiments [29], and numerical studies suggesting
various mechanisms such as stochastic heating [30], direct
laser acceleration with a channeling effect or longitudinal
laser fields [31,32], and an electrostatic potential [33]. In
general, longer pulses contain a proportionally greater frac-
tion of energy in superponderomotive electrons than shorter
(<100 fs) pulses. The expanded electron densities for each of
the double-pulse cases are compared in Fig. 5(b).

In addition, one physical feature in these cases is that
the laser pulse propagating in larger-scale underdense plasma
with longer pulse duration can be self-focused by spatially
varying the index of refraction of the plasma. For example, in
Fig. 3(a), the intensity of the longer, second pulse (indicated
as a white line with the preceding first pulse) increases with
time as it propagates through the expanding plasma. An in-
crease in laser intensity, due to this focusing effect, also works
positively for boosting electron temperature [23].

To validate the electron contribution to the accelerating
electric field for ions, the energy density of electrons over
the range of ion expansion, n7T /R, where R is the distance
of plasma expansion (from initial target rear surface to proton
beam front) during time ¢, is calculated using measured values
as shown in Fig. 5(c). Additionally, in Fig. 5(d), the electric
sheath field with a time-dependent electron temperature in
the expanding plasma is calculated by using the theoreti-
cal 1D model, E; = 2%, ® = 1+ (RR/R?)/2 [34]. From
Fig. 5(d), a stronger electric field is observed for a longer
period of time with longer laser pulse duration. Moreover,
these results are qualitatively similar to the fields observed in
the simulation; see Fig. 3(b).

In summary, we have shown in parametric studies of 2D
and 3D PIC simulations how a combination of staged multiple
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laser pulses on thin solid targets can yield a significant en-
hancement of the maximum proton energy via the synergetic
effects of target transparency and continuous field acceler-
ation. In addition, the presented scheme shows a high flux
of ions for high energy as it efficiently shifts a large ion
population to higher energy. Double pulses with a certain
time delay between the two pulses can increase the maximum
proton energy to the energy that can be achieved with a single
pulse of twice the laser intensity. Thus this shows the potential
benefit of using two pulses as the ability to increase laser
intensities is limited due to the inherent threshold of optical
elements to avoid damage in most laser facilities. Beyond this
result, the maximum proton energy can be further improved
by using a longer pulse duration for the second pulse. Even
second pulses with relatively low intensity and longer duration
(1 x 10 W/cm?, 640 fs) can interact with largely devel-
oped underdense plasma, resulting in energetic hot electrons
in the superponderomotive regime. The increase in electron
temperature leads to maximum proton energy enhancements
compared with a typical proton acceleration with TNSA for a
given laser intensity.
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